We have previously suggested that an inherent defect in hepatic haem utilization was responsible for the rapid stimulation of hepatic microsomal haem oxygenase activity observed in selenium-deficient rats given phenobarbital, a well known inducer of haem formation. To test this hypothesis, hepatic haem content was deliberately raised in selenium-deficient rats by administration of either tryptophan or allylisopropylacetamide, or by injecting haem itself. We now report that selenium-deficient rats are apparently relatively less efficient in utilizing hepatic haem than normal controls. The findings detailed in the present paper thus indicate that stimulation of hepatic microsomal haem oxygenase activity is indeed a manifestation of abnormal haem utilization in selenium deficiency. This suggests a novel role for selenium in hepatic haem metabolism.
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Phenobarbital administration to selenium-deficient rats rapidly and markedly stimulates the activity of hepatic microsomal haem oxygenase, the ratelimiting and haem-inducible enzyme in the oxidative degradation of haem (Correia & Burk, 1978) . On investigating the cause for this stimulation, we have found that it was not associated with accelerated turnover of hepatic cytochrome P-450, as might have been expected (Bissell & Hammaker, 1976a,b) , but apparently with a relative excess of haem which results from a rapid increase in hepatic haem formation coupled with a lag and/or a defect in its utilization in the assembly of hepatic haemoproteins (Correia & Burk, 1978) .
Quantitatively, cytochrome P-450 exerts the greatest demand for haem synthesized in the liver by virtue of its relatively high hepatic content and its rapid turnover rate (Meyer & Schmid, 1978) .
Although much less abundant than cytochrome P-450, the cytosolic haemoprotein tryptophan pyrrolase, because of its relatively short half-life, apparently also utilizes a significant portion of hepatic haem Schimke et al., 1965; Meyer & Schmid, 1978 tive utilization of haem by apo-(tryptophan pyrrolase) coupled with delayed induction of apo-(cytochrome P-450) apparently resulted in a substantial excess of 'free' haem, and in stimulation of hepatic haem oxygenase activity (Correia & Burk, 1978) . If utilization of hepatic haem is indeed impaired in selenium-deficiency, then compounds that produce a net increase in hepatic haem content should mimic phenobarbital and, as a result, stimulate hepatic microsomal haem oxygenase activity. This hypothesis was tested and the findings are described in the present paper. and a supplement of 100i.u. of vitamin E per kg of diet. Control rats were fed the same diet supplemented with 0.5 mg of selenium as Na2SeO3 per kg of diet. All experiments were carried out with rats (250-300g) that had been fed the respective diets for at least 8 weeks. The activity of the selenoenzyme glutathione peroxidase in liver cytosol of rats fed this selenium-deficient diet for 6 weeks is about 1% of that of controls, indicating that the rats used in these experiments were severely selenium-deficient (Lawrence & Burk, 1976) . Selenium-deficient animals and controls (selenium-adequate) were selected from the same litter and thus were agematched in each experiment.
Materials and methods
In all experiments, rats were starved overnight (18h) before administration of test compounds. After the rats were killed, livers were perfused in situ with ice-cold 1.15% KCI and then excised and weighed, except where indicated otherwise.
Treatment (1974) . Tryptophan pyrrolase activity was determined by the method of as described by Badawy & Evans (1975) , except that livers were excised and weighed before perfusion ex situ (Correia & Burk, 1978) . Microsomal haem oxygenase activity was measured in 18000g liver supernatant as described previously (Correia & Schmid, 1975) . Protein was measured by the method of Lowry et al. (1951) . Cytochrome P-450 Content was determined by the method of Estabrook et al. (1972) .
Results
Hepatic haem content was deliberately raised by treatment of animals with: (i) tryptophan, which has been shown to increase synthesis of haem Marver et al., 1966; Badawy, 1977) without affecting cytochrome P-450 content (M. A. Correia & R. F. Burk, unpublished work); (ii) AIA, which increases haem synthesis, apparently in response to its selective destruction of cytochrome P-450 haem (Marver et al., 1966; Marver, 1969; Satyanarayana Rao & Padmanaban, 1973; Badawy, 1977) ; or (iii) haem itself as methaemalbumin, in a dose insufficient to induce hepatic microsomal haem oxygenase in control rat liver. The effects of these experimental manipu- lations on formation, utilization and catabolism of hepatic haem were determined in selenium-deficient rats as described below.
Effects of tryptophan and AIA on haem synthesis in the liver Tryptophan progressively increased hepatic ALA synthase activity, the rate-limiting enzyme in the haem synthetic pathway, both in seleniumdeficient and control rats (Fig. 1) . The magnitude of this increase was consistently greater in controls than in selenium-deficient rats, although this difference between the two groups failed to reach statistical significance (Fig. 1) . On the other hand, after AIA administration, hepatic ALA synthase activity first exhibited a transient increase in both groups of rats. The values at 2 and 4 h of treatment Time after tryptophan (h) h, in selenium-deficient and control animals respectively. Significant differences are indicated by *(P < 0.05) and **(P < 0.02) between corresponding values in the two groups. The bars represent + S.D.
were consistently and significantly higher in controls than in selenium-deficient rats (Fig. 1 Schimke et al., 1965 Time after allylisopropylacetamide (h) enzyme, thereby enhancing its activity Schimke et al., 1965) . Consistent with this, tryptophan indeed increased both the holoenzyme-dependent activity and apoenzymedependent activity (determined on addition of haem to liver homogenate in vitro) in control and selenium-deficient rats. However, tryptophanmediated increases in both these parameters were significantly (P <0.05) less in selenium-deficient than in control rats during the first 4h of administration (Fig. 2) . At 6 h of tryptophan administration, however, apotryptophan pyrrolase activity declined in control rats after reaching a maximum at 4 h, whereas at 6 h it was still increasing in selenium-deficient rats, suggesting a lag in its induction. Similarly, after AIA administration the AIA-induced enhancement of the holoenzyme-and apoenzyme-dependent activities were consistently (P < 0.05) lower in the selenium-deficient rats than in corresponding controls (Fig. 3) . Collectively, these findings suggest impaired stimulation of tryptophan pyrrolase activity and/or defective utilization of haem by apotryptophan pyrrolase in seleniumdeficient rat liver, at least during the initial 4 h period of tryptophan or AIA administration. It must be noted that, whereas these findings in control animals are in agreement with those of Marver et al. (1966) , they only partially agree with those of Badawy & Morgan (1980) , who, unlike Marver et al. (1966) and us, observed a decrease in holoenzyme activity without any increase in total tryptophan pyrrolase activity after similar treatment of rats with AIA.
Effects of tryptophan and AIA on hepatic haem degradation The activity of hepatic microsomal haem oxygenase, the rate-limiting enzyme in oxidative haem catabolism, was employed as a determinant of hepatic haem degradation. At 4 h after tryptophan administration, haem oxygenase activity was significantly increased in selenium-deficient rat liver, but not in controls (Table 1 ). In selenium-deficient rats, this enzyme activity showed a further increase at 6 h after administration of the test compound, whereas it was only slightly stimulated in control animals (Table 1) .
In contrast with this protracted effect of tryptophan, AIA markedly, albeit transiently, increased hepatic microsomal haem oxygenase activity in selenium-deficient rats, whereas it caused a timedependent decrease in this activity in controls (Table  1) . This decrease is consistent with the well known effect of the drug in selectively destroying the haem of cytochrome P-450 by pathways that circumvent bilirubin formation (Unseld & De Matteis, 1976; Ortiz de Montellano et al., 1978) . Stimulation of hepatic haem oxygenase activity in selenium-deficiency by a 'substimulatory' dose of haem To confirm that the haem-binding capacity of the selenium-deficient liver is limiting, haem itself was administered as methaemalbumin, at one-tenth the dose ordinarily required to induce haem oxygenase activity in control rats. This dose of haem had no effect on hepatic haem oxygenase activity in controls. In marked contrast, however, methaemalbumin induced hepatic haem oxygenase rapidly within 1 h of its administration in selenium-deficient rats (Fig. 4) .
Discussion
The availability of utilizable haem in the so-called free haem pool in the liver is determined by finely attuned control of its synthesis and degradation (Tschudy & Bonkowsky, 1972; Schmid, 1973; Bissell & Hammaker, 1976a ,b, 1977 . Utilization of haem from this pool, however, is critically dependent on availability of either apo-haemoproteins capable of incorporating haem prosthetically or proteins such as albumin, haemopexin and ligandin, capable of haem binding. Defective coupling of haem with available apo-haemoproteins in the liver, and/or reduced availability of haem-binding proteins, would ostensibly limit the hepatic haem-binding capacity. This inevitably would result in underutilization of hepatic haem and in a consequent excess of 'free' or unutilizable haem. Under these circumstances, disposal of excessive haem is readily accomplished by stimulation of hepatic haem oxygenase activity. Accordingly, we suggested that such impaired utilization of hepatic haem in selenium-deficient rats given phenobarbital was causally responsible for the rapid stimulation of hepatic haem oxygenase observed in these animals (Correia & Burk, 1978) .
Experimental evidence reported in the present paper provides further support for this hypothesis. Tryptophan, an essential amino acid that increases hepatic haem formation without affecting hepatic cytochrome P-450 content (Marver et al., 1966) , and AIA, which is an agent known to stimulate haem synthesis presumably in response to its selective degradation of cytochrome P-450 haem to covalent AIA-porphyrin adducts (Marver, 1969; Satyanarayana Rao & Padmanaban, 1973; Unseld & De Matteis, 1976; Ortiz de Montellano et al., 1978) , were both found to stimulate hepatic haem oxygenase activity only in selenium-deficient rats. Concurrently, hepatic apo-(tryptophan pyrrolase) activity was significantly reduced, indicating defective haem-utilization in these animals. Thus, although less haem is apparently formed in seleniumdeficient rats relative to that in controls after tryptophan or AIA treatment, its underutilization still results in an excess of haem, which is rapidly disposed of by induction of microsomal haem oxygenase. In confirmation of this theory, haem, in doses normally insufficient to induce hepatic haem oxygenase in control rats, rapidly and significantly Vol. 214 induced hepatic haem oxygenase in seleniumdeficient animals (Fig. 4) . These findings indicate that the selenium-deficient rat liver is incapable of utilizing even small amounts of haem, presumably because of a highly compromised haem-binding potential.
It is unclear whether this haem-binding potential of the selenium-deficient rat liver is impaired because of reduced availability of haem-binding proteins and/or defective coupling of haem by the available apo-haemoproteins. Although reduced availability of haem-binding proteins would account for the immediacy with which induction of microsomal haem oxygenase occurs after administration of phenobarbital (Correia & Burk, 1978) or the other test compounds examined, this induction persists beyond apparent correction and/or restoration of hepatic apo-haemoproteins in selenium-deficient rats to levels comparable with those in control animals (Burk & Correia, 1977) . As such, with repeated phenobarbital administration, despite comparably increased rates of apo-(cytochrome P-450) synthesis and proportionately induced levels of apocytochrome in selenium-deficient and control rats (MacKinnon & Simon, 1976; Burk & Correia, 1977) , induction of cytochrome P-450 is greatly impaired in the selenium-deficient rat liver (Burk and Masters, 1975; MacKinnon and Simon, 1976; Burk and Correia, 1977) . Furthermore, this impairment is not corrected when haem is incubated in vitro with liver homogenates or mitochondrion-rough-endoplasmic-reticulum complexes from phenobarbitaltreated selenium-deficient rats, which should have been predictably enriched in apo-(cytochrome P-450) (Correia & Burk, 1980) . These findings suggest that impaired induction of cytochrome P-450 in selenium deficiency is not associated with limited availability of haem, caused by its enhanced degradation, or of apo-(cytochrome P-450). They are, however, consistent with the concept that impaired induction results from an inherent defect in the haem-apo-(cytochrome P-450) assembly, from generation of a faulty, highly unstable cytochrome species, or from a critical structural alteration in the key apo-cytochrome species. The latter possibility is particularly attractive given the recent finding that selenium is required for the formation of phenobarbital-inducible apo-(cytochrome P-450) species in rat hepatocytes in monolayer cultures (Newman & Guzelian, 1982) . Defective coupling or impaired apo-cytochrome formation would result not only in reduced levels of inducible cytochrome P-450, but also in a relative excess of haem in the 'free' haem pool and consequently in the rapid and persistent stimulation of microsomal haem oxygenase activity observed in the selenium-deficient rat liver (Burk & Correia, 1977; Correia & Burk, 1978) .
Collectively, our studies on hepatic haem and haemoprotein metabolism in selenium-deficiency have revealed a novel and critical role for selenium in hepatic haem homeostasis. Since the only other known biochemical role of the element is its prosthetic function in glutathione peroxidase (Oh et al., 1974) , our findings are of considerable biological significance.
